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Abstract
■ Humans display a remarkable capacity to use tools instead
of their biological effectors. Yet, little is known about the mecha-
nisms that support these behaviors. Here, participants learned to
grasp objects, appearing in a variety of orientations, with a novel,
handheld mechanical tool. Following training, psychophysical
functions relating grip preferences (i.e., pronated vs. supinated)
to stimulus orientations indicate a reliance on distinct, effector-
specific internal representations when planning grasping actions
on the basis of the tool versus the hands. Accompanying fMRI
data show that grip planning in both hand and tool conditions was
associated with similar increases in activity within the same regions
of the anterior intraparietal and caudal ventral premotor cortices,
a putative homologue of the macaque anterior intraparietal–
ventral premotor (area F5) “grasp circuit.” These findings suggest
that tool use is supported by effector-specific representations of
grasping with the tool that are functionally independent of pre-
viously existing representations of the hand and yet occur within
the same parieto-frontal regions involved in manual prehension.
These levels of representation are critical for accurate planning
and execution of actions in a manner that is sensitive to the
respective properties of these effectors. These effector-specific
representations likely coexist with effector-independent repre-
sentations. The latter were recently reported in macaque F5
[Umiltà, M. A., Escola, L., Intskirveli, I., Grammont, F., Rochat,
M., Caruana, F., et al. When pliers become fingers in the monkey
motor system. Proceedings of the National Academy of Sciences,
U.S.A., 105, 2209–2213, 2008] and appear to be established by tool
use training through modification of existing representations of
grasping with the hand. These more abstract levels of representa-
tion may facilitate the transfer of skills between hand and tool. ■
INTRODUCTION
An extraordinary property of the nervous system is the
ability to perform the same action using different effec-
tors. For instance, objects can be grasped with the hands,
mouth, or even the toes. Tool use exemplifies an exten-
sion of this capacity, known as “motor equivalence” (Wing,
2000; Keele, Cohen, & Ivry, 1990; Lashley, 1930), to non-
biological effectors. With training, humans can become
proficient at grasping objects with a variety of handheld
tools including tweezers, pliers, tongs, and even remotely
operated devices such as cranes and robotic arms. Do
these technological behaviors arise from experience-
dependent changes within the same neural mechanisms
that underlie manual grasping? Or do they recruit other
neural systems?
The cerebral bases of manual prehension have been
extensively explored in previous investigations (Castiello &
Begliomini, 2008). There is considerable evidence that
grasping actions in monkeys are coded within a circuit in-
volving the anterior intraparietal (AIP) area belonging to
the inferior parietal lobule and interconnected area F5 lo-
cated in the ventral premotor (PMv) cortex ( Jeannerod,
Arbib, Rizzolatti, & Sakata, 1995). This pathway is impli-
cated in transforming objectsʼ intrinsic spatial properties
into motor programs for grasping (Fogassi et al., 2001).
Functional neuroimaging (Frey, Vinton, Norlund,&Grafton,
2005; Culham et al., 2003; Ehrsson, Fagergren, & Forssberg,
2001; Binkofski et al., 1999) and transcranial magnetic stim-
ulation (Davare, Andres, Clerget, Thonnard, &Olivier, 2007;
Davare, Andres, Cosnard, Thonnard, & Olivier, 2006; Rice,
Tunik, & Grafton, 2006; Tunik, Frey, & Grafton, 2005)
studies in humans suggest that the anterior inferior parietal
lobule, within and along the anterior intraparietal sulcus
(aIPS), and ventral precentral gyrus (putative PMv) may
constitute a homologue of the monkey parieto-frontal
grasp circuit.
Motor equivalence is believed to be supported by ab-
stract, effector-independent representations of action.
This interpretation is based on the presence of kinematic
regularities when the same action (e.g., writing) is under-
taken with different biological effectors (i.e., the hand or
the toe) (Wing, 2000; Keele et al., 1990). By extension,
previous neuroimaging studies have interpreted areas
that show increased activation when the same action is
performed with different biological effectors as support-
ing effector-independent representations (Castiello et al.,
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2000; Rijntjes et al., 1999). Kinematic regularities have
also been observed during grasping actions performed
with a tool or the hand (Gentilucci, Roy, & Stefanini, 2004),
raising the possibility that effector-independent repre-
sentations may also underlie the emergence of motor
equivalence between biological and nonbiological effec-
tors. Consistent with this view, recent findings in macaques
suggest that single cells in area F5, that initially code man-
ual prehension, come to also represent grasping actions
performed with a tool after extensive training (Umiltà
et al., 2008).
Although these findings suggest that newly learned
tool use actions are supported by effector-independent
representations within areas involved in the control of
manual actions, the role played by the parieto-frontal
grasp circuit in representing these actions remains un-
known. Likewise, it is uncertain whether similar mecha-
nisms underlie the acquisition of novel tool use behaviors
in human beings who, unlike macaques, are natural users
of technology. To address these issues, we first trained
participants to grasp objects using a novel handheld tool
whose end-effector mechanics differed from those of the
hand (Figure 1). Then, variations in the BOLD signal, which
provides a measure of local neural activity (Logothetis, Pauls,
Augath, Trinath, & Oeltermann, 2001), were recorded using
fMRI while participants planned grasping actions on the basis
of the use of either their hands or the tool in the absence of
overt execution.
METHODS
Participants
Twenty healthy participants (12 women, age range = 19–
41 years, mean = 24.07 years) gave their informed con-
sent to participate in this study. All were right-handed, as
assessed by the EdinburghHandedness Inventory (Oldfield,
1971), and had normal or corrected-to-normal visual acuity.
Experimental Design
Participants took part in two experimental sessions, each
following a 2 (Effector Type: hand, tool) × 2 (Effector
Side: left, right) factorial design, resulting in four condi-
tions: Hand Left, Tool Left, Hand Right, and Tool Right.
In Session 1, participants practiced an overt grip selection
(OGS) task in which they were required to reach and
grasp a stimulus object presented in various orientations
in the most comfortable manner, using either an over-
hand or an underhand grip, that is, a pronated or a supi-
nated posture of the hand (Figure 2A). This task was
performed with the hands, using a precision grip, and
with a handheld mechanical tool. Importantly, when
using this tool to grasp the stimulus object, the move-
ments and the postures of the hands differed from man-
ual grasping in two ways (Figure 1A and B). First, the tool
was held with a power grasp, and the whole hand flexion
or extension caused the jaws of the tool to close or open,
respectively. Second, the opposition axis between the
jaws of the tool was offset by 90° relative to that of the
hand (Figure 1B). In Session 2, participants performed
a prospective grip selection (PGS) task while neural activ-
ity was recorded from the entire brain using BOLD fMRI.
This PGS task was identical to the OGS task except that
participants remained still while deciding whether an
over- or underhand grip would be preferred when grasp-
ing stimulus objects using the hands or tool (Figure 1).
Previous work indicates that PGS involves movement
planning to choose the least awkward grip ( Johnson et al.,
2002; Johnson, 2000).
OGS Task: Behavioral Pretesting (Session 1)
Participants practiced grasping stimulus objects with the
hands and with the tool, and their grip preferences (i.e.,
over- or underhand grips) were recorded. The mechani-
cal tool was 55.9 cm long and weighed 170 g. Participants
were seated at a table in front of a computer screen that
was easily reached either with the free hand or with the
tool, depending on the condition (see below). For con-
sistency, the same 2-D stimulus objects were used in
both the OGS and the PGS tasks. Stimuli consisted of a
graphically rendered sphere with photo-realistic shading
to provide the illusion of three-dimensionality (Figure 1A).
The sphere was half pink and half tan, with indentations on
each side for “finger placement.” Stimuli appeared against a
black background in 24 orientations (15° increments) ro-
tated around the line-of-sight (z) axis. To create 3-D objects
for grasping, we back projected the stimuli through a trans-
parent plastic overlay fitted over the surface of a flat com-
puter monitor (Figure 1B). The center of the overlay was a
3-D transparent plastic disk that extended 25 mm from the
surface of the computer screen. This disk was equivalent in
size (32 mm radius) to the projected stimulus object, creat-
ing the appearance of a graspable object extending from
the surface of the screen.
Participants completed two runs of 192 trials each. The
tool was held by the same hand throughout the first
run and then switched to the other hand for the second
run. The hand (side) holding the tool in the first run was
counterbalanced across participants. Each run was divided
into eight blocks, with the side tested (one side with a
free hand, the other holding the tool) alternating across
blocks, so that participants had to use either their free hand
or the tool during an entire block. The first side tested in
each block was counterbalanced across participants.
A block started by a leftward- or a rightward-pointing
arrow presented centrally to indicate the side to use for
the forthcoming trials (i.e., the free hand or the one hold-
ing the tool). Then, 24 trials were presented (one per stim-
ulus orientation; 0°–345° in 15° increments) in random
order for 4000 msec each. On each trial, participants were
instructed to start with their cued hand in a neutral position
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(Figure 2A) with its lateral side placed down on the table
and to reach for and grasp the object (with either the free
hand or the tool) using the most comfortable posture (i.e.,
over- or underhand). They were told to use a precision
grip, placing their thumb and forefinger, or the jaws of
the tool, on the objectʼs indentations. Although the plastic
overlay did not have actual indentations, the experimenter
reminded the participant when necessary to place his or
her fingers, or the jaws of the tool, precisely on the proj-
ected indentations (no trials were discarded on the basis
of this criterion). The hand was then returned to the start-
ing posture in preparation for the next trial. At the end of
each trial, the experimenter coded the side of the object
(i.e., pink or tan) on which the thumb or the upper jaw of
the tool was placed. This code therefore indicated whether
an over- or underhand grip was chosen. At the end of
Session 1, participants also completed two practice runs
of the PGS task, as detailed below.
PGS Task: fMRI Experiment (Session 2)
All volunteers completed this testing session within 48 hr
after Session 1. Participants reclined on the scanner bed
in a supine position with their arms extended along the
Figure 1. Experiment setup
and design. (A) Novel tool and
a sample of stimulus object
orientations. (B) The overt grip
selection (OGS) task.
Participants first practiced
grasping the stimulus object in
a variety of orientations.
Depending on the condition,
grasping was performed with
the left or right hand, using a
precision grip, or with the
tool operated with either hand.
The Tool Right condition is
illustrated. (C) Structure of a
single trial of the prospective
grip selection (PGS) task. After
completing the OGS task,
participants were asked to
select grips based on the use of
their hands and the tool in the
absence of overt movements.
Specifically, they had to decide
on which colored indentation
their thumb or the target jaw
(i.e., upper or lower, balanced
across participants) of the tool
would be on the object if they
were to grasp it using the most
comfortable posture (i.e., under-
vs. overhand). Associated brain
activity was recorded using
BOLD fMRI. A response cue
(pink and tan squares, position
varied randomly) appeared after
the stimulus object to indicate
which foot pedal to press to give
the desired answer. This
trial-by-trial variation of the
response mapping delayed
selection and execution of
foot press responses and
thus enabled us to separate
the associated neural activity
from that which accompanied the earlier grip selection. The red rectangle represents the period modeled in the analysis of fMRI data (onset of
the stimulus object through first 3000 msec of delay interval), which corresponds only to the planning of grasping actions. A small circle at the
bottom of the screen reminded the participant what limb (left or right) to base their decision on. Variable durations of the different phases within
one trial are given (for details, see the Methods section). OBV = onset of brain volume acquisition. (D) Example sequence of events in the PGS task.
Within each fMRI run, the tool was held in one hand, and the side used (i.e., empty hand or tool) was alternated between blocks of 10 trials. Each
block started with an arrow cuing which side to use for the forthcoming trials, and a dot located at the bottom left or right of the screen stayed
throughout the block as reminder (for further details, see the Methods section).
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sides of the body. As in Session 1, their hands were ori-
ented in a neutral position (with their lateral sides resting
on the scanner bed; Figure 2A), and one was passively
holding the tool. The tool was resting on the scanner
bed and taped to the participantʼs leg so that no force
was needed to hold it stable. Stimulus objects were back
projected onto a screen and viewed through a mirror
attached to the head coil. Each participant performed
two practice runs of the PGS task in a mock MRI scanner
immediately before the actual fMRI session.
Participants held the tool in the same hand during an
entire run and switched it to the other hand between
runs. The hand holding the tool in the first runwas counter-
balanced across participants. Therefore, each run was com-
prised of only two conditions, either Hand Left and Tool
Right or Tool Left andHandRight. Fifteen participants com-
pleted three runs of each type, whereas two of each type
were completed by the other five individuals. Within each
run, the side tested (empty hand or tool) alternated across
blocks.
In contrast to the OGS task used in Session 1, partici-
pants did not actually grasp the objects during PGS but
were instead instructed to remain still during the whole
procedure. During hand blocks, they were asked to decide
whether they would place their thumb on the pink or tan
indentation of the stimulus object (i.e., over- or underhand
grasp) if they were to grasp it in the most natural (i.e., com-
fortable) posture using a precision grip. Similarly, during
tool blocks, participants determined whether it would be
more natural to place the target jaw of the tool (upper jaw
for half of subjects, lower jaw for the other half ) on the
pink or tan indentation. To avoid potential conflict, partici-
pants issued responses by pressing either the “pink” or the
“tan” foot pedal (see below) and we converted those to
over- or underhand grasps off-line.
Each run consisted of six blocks of 10 trials and the
side tested (free hand or tool) alternated across blocks.
In addition to the side cue (arrow) presented at the begin-
ning of the block (2000 msec), a small circle at the bottom
left or right of the screen remained visible throughout the
entire block as a reminder of the cued limb (Figure 1C). A
central fixation cross remained visible throughout the
entirety of the run, and participants were instructed to
maintain fixation.
Each block consisted of 30 randomly ordered trials of
each of the two conditions in that run (i.e., Hand Right
and Tool Left or Hand Left and Tool Right). Of these 30
trials, 24 were 8000 msec experimental trials (only 12
orientations of the object were used during fMRI—15°
to 345° in 30° increments—each repeated twice), and 6
were 8000 msec null events with only the fixation cross
on the black background.
As illustrated in Figure 1C, PGS trials consisted of four
phases optimized for rapid, event-related fMRI testing:
(1) to increase temporal resolution, an oversampling
method (Miezin, Maccotta, Ollinger, Petersen, & Buckner,
2000) was used in which stimulus onset occurred at a vari-
able delay (0, 500, 1000, or 1500 msec) relative to the onset
of the acquisition of a volume of functional MRI data; (2) a
stimulus object was presented in one of the 12 different
orientations for a variable duration (i.e., jitter: 3000, 3500,
or 4000 msec); (3) a 2000-msec duration response cue in-
dicating the identity of the mapping between the response
pedals (left or right) and the colors (pink or tan) denoting
the would-be location of the thumb or toolʼs target jaw dur-
ing the selected grip. To avoid the development of heu-
ristics, we counterbalanced the stimulus orientation and
the identities of the response pedals across trials for each
run. Varying the identity of this response mapping ran-
domly across trials forced the participants to wait for this
cue to select and execute their foot response, allowing us
to separate neural activity related to grip selection from
that associated with foot press selection and execution;
and (4) a variable length (500–3000 msec) intertrial interval
was used to make the duration of all trials equal 8000 msec.
Oversampling and jitter durations were counterbalanced
within each run.
MRI Procedure
All scanswere performedon a Siemens (Erlangen,Germany)
3T Allegra MRI scanner at the Robert and Beverly Lewis
Center for Neuroimaging at the University of Oregon.
BOLD echo-planar images were then collected using a
T2*-weighted gradient-echo sequence, a standard birdcage
radiofrequency coil, and the following parameters: repeti-
tion time = 2000 msec, echo time = 30 msec, flip angle =
80°, 64 × 64 voxel matrix, field of view = 200 mm, 32 con-
tiguous axial slices acquired in interleavedorder, thickness=
3.5mm, in-plane resolution= 3.125× 3.125mm, and band-
width = 2605 Hz/pixel. The initial four scans in each run
were discarded to allow steady-state magnetization to be ap-
proached. High-resolution T1-weighted structural images
were also acquired using the 3-D MP-RAGE pulse sequence:
repetition time= 2500 msec, echo time= 4.38 msec, inver-
sion time = 1100 msec, flip angle = 8.0°, 256 × 256 voxel
matrix, field of view = 256 mm, 176 contiguous axial slices,
thickness = 1.0 mm, and in-plane resolution = 1 × 1 mm.
DICOM image files were converted to NIFTI format using
MRIConvert software (http:// lcni.uoregon.edu/∼jolinda/
MRIConvert/ ).
fMRI Data Analyses
fMRI data were analyzed using tools from the fMRIB Soft-
ware Library (FSL v.3.3; http://www.fmrib.ox.ac.uk/fsl/).
Image preprocessing involved several steps. Motion was
corrected using the tools of the FMRIB Software library
( Jenkinson, Bannister, Brady, & Smith, 2002), and non-
brain structures were removed using BET (Smith, 2002).
The data were spatially smoothed using a Gaussian kernel
of 5-mm FWHM. For each data set, intensity normalization
using “grand mean scaling” was applied, whereby each vol-
ume in the data set is scaled by the same factor to allow for
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cross-sessions and cross-subjects statistics to be valid. High-
pass temporal filtering with a 50-sec cutoff was used to re-
move low-frequency artifacts. Time series statistical analysis
was carried out in FEAT v.5.63 using FILM with local auto-
correlation correction (Woolrich, Ripley, Brady, & Smith,
2001). Delays and undershoots in the hemodynamic re-
sponse were accounted for by convolving the model with a
double-gamma basis function. Registration to high-resolution
and standard images (Montreal Neurological Institute tem-
plate) was implemented using FLIRT ( Jenkinson et al.,
2002; Jenkinson & Smith, 2001).
For each participant, fMRI runs containing either Hand
Left and Tool Right or Hand Right and Tool Left condi-
tions were modeled separately at the first level. Three ex-
planatory (predictor) variables (EVs) were modeled along
with their temporal derivatives. Two EVs coded the ex-
perimental conditions, left-side grip selection (i.e., Hand
Left or Tool Left), and right grip selection (i.e., Tool Right
or Hand Right). These were locked to the onset of the
stimulus objects and included the subsequent 3000 msec
of the delay period. A third EV coded the 8000-msec null
trials that were used as resting baseline. Orthogonal con-
trasts (one-tailed t tests) were used to test for differences
between each of the four experimental conditions and
resting baseline.
The resulting first-level contrasts of parameter esti-
mates (COPEs) then served as input to higher level ana-
lyses carried out using FLAME Stage 1 (Woolrich, Behrens,
Beckmann, Jenkinson,&Smith, 2004; Beckmann, Jenkinson,
& Smith, 2003) to model and to estimate random-effects
components of mixed-effects variance. Z (Gaussianized T )
statistic images were thresholded using clusters determined
by Z> 3.1 and a corrected cluster significance threshold of
p = .05 (Worsley, Evans, Marrett, & Neelin, 1992), unless
indicated otherwise. First, a whole-brain analysis was un-
dertaken to identify the cerebral areas that responded sig-
nificantly to the experimental conditions when compared
with resting baseline at the group level. The first-level
COPEs were averaged across runs for each subject sepa-
rately (second level) and then across participants (third
level) (see the Planning grasping actions with the hands
or tool compared with resting baseline section). Second,
to test for themain effects of Effector Side andEffector Type
and for the interaction between these two factors, a stan-
dard 2 (Effector Side: left, right) × 2 (Effector Type: hand,
tool) repeated measures ANOVA (F tests) was carried out
on first-level COPEs (see the Main effects of Effector Type
and Effector Side section). To increase the sensitivity of this
analysis by reducing the number of multiple statistical com-
parisons, it was restricted to only those voxels that showed a
significant increase in activity in at least one of the four ex-
perimental conditions compared with resting baseline at
the group level of the whole-brain analysis (Z > 3.1, cor-
rected cluster significance threshold of p = .05).
Verification of anatomical localization of brain activa-
tions was undertaken by manual comparison with an atlas
(Duvernoy, 1991). In addition, Freesurfer software
(http://surfer.nmr.mgh.harvard.edu/ ) was used to recon-
struct individual brain surfaces from individualʼs high-
resolution structural scans (Segonne et al., 2004; Dale,
Fischl, & Sereno, 1999; Fischl, Sereno, & Dale, 1999) and
to create an average brain surface representative of the
anatomy of our sample of subjects (Fischl, Sereno, Tootell,
& Dale, 1999). Group statistical maps were then overlayed
on this average brain surface.
ROI Analysis
To characterize the nature of the changes in activation
induced within the grasp circuit by the PGS task better,
we centered spherical ROIs on the peak activations re-
vealed in bilateral aIPS and left PMv in the whole-brain
analysis comparing each of the four conditions with rest-
ing baseline. These activation peaks were located at vir-
tually identical coordinates in all four conditions (Table 1).
Therefore, ROIs were centered on the mean x, y, z coordi-
nates obtained by averaging across conditional peaks (Ta-
ble 1). Mean percent signal change relative to the resting
baseline was calculated for each participant and each con-
dition within these ROIs by taking the ratio of the COPE
(experimental condition > rest) and the mean voxel inten-
sity and scaling by the peak height of a regressor formed by
convolving an isolated 3-sec event with the double gamma
hemodynamic response function. This ensures accurate
Figure 2. Grip preferences during overt grip selection (OGS) and prospective grip selection (PGS). (A) Representation of the neutral, pronated,
and supinated postures of the left and right hand and their relation to the definition of over- and underhand grasps. The limits of range of motion in
each direction are represented by the dotted arrows. (B) Polar plots of the average proportion of overhand grasps across subjects for each orientation
of the stimulus object, as observed in the OGS (orange) and PGS (green) tasks. A data point to the periphery of the plot represents 100% of overhand
grips, whereas a data point at the center of the plot means that 100% of the grips selected for that orientation were underhand. The stimulus object is
shown in each of the tested orientations (15°–345° in 30° increments), and the corresponding preferred grasp (i.e., grip selected on >50% of trials) is
represented next to it. A gray frame around the picture representing the preferred grip indicates an overhand grasp, whereas underhand grips are
signaled by a red frame. In both Hand Left and Hand Right conditions, participants used mostly overhand grasps, except at the limits of their range of
motion in the pronation direction. The functions describing the variation of grip preferences across stimulus orientation are 180° out of phase
between Hand Left and Hand Right, reflecting the fact that joint constraints of the two arms are mirror images. The same is true for Tool Left versus
Tool Right conditions. Consistent with reliance on effector-specific internal models, grip preferences for use of the hands versus tools differ
substantially on both the left and the right sides. In both tool use conditions, participants preferred underhand grasps for fully half of the stimulus
orientations. Critically, in all four conditions, the functions describing grip preferences observed in OGS and PGS tasks were virtually identical,
indicating that participants prospectively selected grips in the PGS task that were consistent with their overt behavior in the OGS task.
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interpretation of the percent change of COPEs outside of
the particular context of a given study (Mumford, 2007).
Mean time course of the signal within these ROIs was also
computed in terms of percent change from resting base-
line for each subject and condition (see Figure S1 provided
as Supplementary material on-line). This was done by cal-
culating the ratio of voxel intensity and the mean voxel in-
tensity for each voxel in the ROI and for each data point
within a 14-sec window around stimulus onset (every
500 msec from 2 sec before stimulus onset through 12 sec
after stimulus onset). The 500-msec resolution was possi-
ble because of the use of the oversampling design de-
scribed above.
RESULTS
Behavioral Results
The proportion of overhand grasps for every stimulus ori-
entation was calculated for each participant and condi-
tion separately for both the OGS and the PGS tasks and
submitted to repeated measures ANOVA. Consistent with
previous work ( Johnson, 2000), the functions describing
grip preferences across stimulus orientations for the two
hands in the OGS task were 180° out of phase, which re-
flects the fact that joint constraints of the two arms are
mirror images (Figure 2A and B). When using their
hands, participants preferred overhand grips, except at
the extremes of the working range of motion, that is, ori-
entations where they switched from grasping with the
thumb on one side of the object to the other (165° and
345° for the left hand and 15° and 195° for the right hand;
Figure 2B). Likewise, there was a 180° phase shift in grip
preference functions between the right and the left tool
conditions (Figure 2B). As expected, given the differences
in end-effector properties, grip preferences when using the
tool differed significantly when compared with the hand on
the same side. This was true for both the left side, F(1, 19)=
304.3,p<.001,MSE=175376.3, and the right side,F(1, 19)=
239.7, p < .001, MSE = 151407.6. Not only did use of the
tool introduce a 90° offset between the opposition axis of
the hand and that of the jaws, but it also caused the partic-
ipants to change their preferred working range of motion
compared with that of the hands. More precisely, while
using almost exclusively pronated postures when grasping
with their hands, participants often used supinated pos-
tures with the tool. This allowed them to avoid highly pro-
nated postures and was likely due to the need to stabilize
the tool against the forces of gravity by using the palm as a
supportive platform for its weight.
Remarkably, the grips prospectively chosen in the PGS
task reflected these constraints. As shown in Figure 2B,
the functions representing grip preferences as a function
of stimulus orientation for PGS and OGS tasks were vir-
tually identical in each of the four conditions: Hand Left,
R = .90, F(1, 10) = 43.13, p < .0001; Tool Left, R = .99,
F(1, 10)=714.54, p< .0001;HandRight, R= .94, F(1, 10)=
79.40, p< .0001; and Tool Right, R= .99, F(1, 10) = 334.50,
p < .0001. This establishes that PGS judgments in both
hand and tool conditions were based on internal repre-
sentations that accurately capture the bio-mechanical prop-
erties of the limbs and the mechanical as well as the
dynamical properties of the novel tool.
fMRI Results
Planning Grasping Actions with the Hands or Tool
Compared with Resting Baseline: Whole-Brain Analysis
Relative to resting baseline, the pattern of activity in-
creases associated with performance of the PGS task, in
each of the four conditions defined by the 2 (Effector Type:
hand, tool) × 2 (Effector Side: left, right) design, was re-
markably similar (Figure 3). As expected if the planning
of grasping actions engages the parieto-frontal grasp cir-
cuit, aIPS (bilateral) and putative PMv (left) showed con-
sistently increased activity regardless of whether grip
preferences were based on the hand or the tool. This sug-
gests that planning grasping actions with either the hands
or the tool relied on the same regions. In all conditions,
Table 1. Coordinates of the Peak Activations Revealed in Bilateral aIPS and Left PMv by the Whole-Brain Analysis for Each of the
Four Conditions in the Design
Condition
ROI
Left aIPS (x, y, z) Right aIPS (x, y, z) Left PMv (x, y, z)
Hand Left −34 −44 44 40 −34 44 −56 2 36
Tool Left −40 −44 46 NA −56 4 32
Hand Right −40 −44 46 NA −54 2 38
Tool Right −36 −44 44 NA −56 2 36
Center of the ROI (average) −38 −44 45 40 −34 44 −56 2 36
The center of each spherical ROI was obtained by averaging these coordinates across conditions. Coordinates (x, y, z) expressed in millimeters in the
standard space of the Montreal Neurological Institute template (MNI-152).
NA = no significant activation detected.
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these effects were stronger in the left hemisphere irrespec-
tive of the effector side involved. We will return to these
main findings shortly.
Increased activity was also detected in more dorsal re-
gions, including the medial IPS and adjacent caudal
superior parietal gyrus (putative parietal reach region;
Connolly, Andersen, &Goodale, 2003; Grafton, Fagg,Woods,
& Arbib, 1996) and the intersection of the superior frontal
and precentral sulci (putative dorsal premotor cortex [PMd];
Hoshi &Tanji, 2000). These areasmay constitute the human
homologue of a circuit comprising the monkey superior
parietal lobule and the PMd (or area F2), which transform
objectsʼ locations into motor programs for reaching and/or
eye movements (Battaglia-Mayer et al., 2001; Marconi et al.,
2001; Wise, Boussaoud, Johnson, & Caminiti, 1997). These
activations may thus reflect the internal simulation of
reaching actions ( Johnson et al., 2002). At least two alterna-
tive interpretations exist for the role of PMd and caudal
parietal cortex in the present task. One possibility is that
these areas are directly involved in grip planning. In the
macaque, PMd cells have been shown to code hand config-
uration during grasping (Hendrix, Mason, & Ebner, 2009;
Raos, Umiltá, Gallese, & Fogassi, 2004). Likewise, recent
findings indicate that cells in area V6A (located in the me-
dial parieto-occipital cortex) are particularly involved in the
coding of hand orientation during preparation and execu-
tion of handle grasping (Fattori et al., 2009). Another possi-
bility is that these regions may be associated with the more
abstract action selection demands of the PGS task (Schluter,
Krams, Rushworth, & Passingham, 2001; Hoshi, Shima, &
Tanji, 2000; Schluter, Rushworth, Passingham, & Mills,
1998; Deiber et al., 1991).
Similar increases were found in the pre-SMA, which is in-
volved in representing conditional visuomotor associations,
Figure 3. Increased neural activity associated with planning grasping actions with the hands or the tool relative to resting baseline revealed by
whole-brain analyses. Group statistical parametric maps (Z > 3.1, corrected cluster-extent significance threshold p < .05) are overlaid on a 3-D
surface reconstruction created from the 20 participantsʼ anatomical scans (see the Methods section). Selecting grips (prospective grip selection
[PGS] task) based on either hand or on the tool was consistently associated with activations in a strongly left lateralized neural network constituted
of intraparietal sulcus (IPS), including its anterior sector (aIPS) and ventral premotor cortex (PMv) as well as in bilateral superior parietal lobule
(SPL) and dorsal premotor cortex (PMd) and in pre-SMA. Right aIPS was activated only in the Hand Left condition. Other structures were also
activated only in some conditions, such as left middle frontal gyrus (MFG), left frontal operculum/insula (FO/I), BG (globus pallidus and putamen),
pulvinar nucleus (Pul), and lateral cerebellum. Increased activity in occipital regions was associated with use of visual stimuli. Data are also
displayed on neurologically oriented axial (transverse) slices through ROIs. L = left hemisphere; R = right hemisphere. Slice coordinates are
expressed relative to the vertical axis (z) of the standard Montreal Neurological Institute space.
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for example, color and type of movement (Picard & Strick,
2001). Bilateral increases in activity were also detected in
the lateral cerebellum. This is consistent with earlier work
implicating the cerebellar hemispheres in manual grasping
(Grafton et al., 1996) and the acquisition of novel tool use
skills (Imamizu et al., 2000). As discussed below, the cere-
bellum is also implicated in the predictive aspects of motor
control, and the PGS task may involve the use of forward
internal models. Finally, striate and extrastriate visual areas
showed increases that are likely related to the processing of
the stimulus objects.
A small number of regions showed significant increases
in activity only when specific conditions were compared
against baseline in the whole-brain analysis. These in-
cluded motor-related subcortical structures within the BG
(globus pallidus and putamen; bilateral in the Tool Left
condition and left in the Tool Right condition) and the
pulvinar nucleus of the thalamus (Tool Left condition, bi-
lateral; Hand Right condition, left). Activity in the left mid-
dle frontal gyrus, which is involved in action selection
(Schluter et al., 2001), was significantly increased only
during Hand Left and Tool Left conditions. Finally, a cluster
located at the border of the left frontal operculum and
insula showed significant increases in all conditions except
the Tool Right condition.
Main Effects of Effector Type and Effector Side: Repeated
Measures ANOVA
Only those voxels that showed significantly increased
activity relative to baseline in at least one of the four ex-
perimental conditions in the whole-brain analysis were
considered further in a repeated measures ANOVA. Even
when tested at a more liberal statistical threshold (Z >
3.1, uncorrected for multiple comparisons), no signifi-
cant main effects of either Effector Type or Effector Side
were detected in parietal or frontal cortices. This failure
cannot be attributed to insufficient statistical power, how-
ever, as differences related to the main effect of side and
to the interaction between both factors were unexpect-
edly detected in bilateral occipital cortex and left fusiform
gyrus (Table 2). These are most likely attributable to un-
controlled Type I error.
ROI Analyses
To characterize the neural responses associated with
grip planning within the grasp circuit further, we defined
ROIs in putative left PMv and bilateral aIPS, as detailed
in the Methods section. Mean percent signal change re-
lative to the resting baseline (Figure 4) and mean time
course of the BOLD signal (Figure S1 in supplemental
material) were extracted from each ROI (see the Methods
section).
Importantly, no differences were found between grip
planning involving the hand versus the tool in any of
the ROIs: main effect of Effector Type, F(1, 19) < 1.0
in all cases. By contrast, all ROIs were more active when
grip selection decisions were based on the contralateral
limb: main effect of Effector Side, left aIPS, F(1, 19) = 4.3,
p= .05,MSE= 0.01; right aIPS, F(1, 19) = 14.5, p= .001,
MSE = 0.03; left PMv, F(1, 19) = 8.4, p = .009, MSE =
0.02. In line with this observation, responses in the right
aIPS (which was significantly activated with respect to
resting baseline only in the Hand Left condition in the
whole-brain analysis; Table 1 and Figure 3) differed from
baseline only when the contralateral left limb was in-
volved: Bonferroni-corrected one-tailed t test, t(19) =
3.96, p = .002 and t(19) = 2.55, p= .04 for the Hand Left
and Tool Left conditions, respectively; t(19) = 1.98, p =
.13 and t(19) = 1.21, p= .48 for the Hand Right and Tool
Right conditions, respectively. The main effect of Effector
Side observed for all ROIs suggests that while the pro-
cesses underlying grip planning within bilateral aIPS
and putative left PMv did not differentiate between the
Table 2. Peak Coordinates of Clusters of Activations for 2 (Left, Right) × 2 (Hand, Tool) Repeated measures ANOVA Analysis
Contrast Cortical Region
Peak Coordinates
(x, y, z) Voxels
Main effect of Effector Type
(hand vs. tool)
– – – –
Main effect of Effector Side Left > Right Right extrastriate occipital cortex 16 −94 14 87
Right > Left Left extrastriate occipital cortex −8 −98 6 71
Effector Type ×
Effector Side interaction
Crossed interaction:
Left: Tool > Hand
Left extrastriate occipital cortex −8 −96 0 65
Right: Tool < Hand −32 −84 10 24
Left fusiform gyrus −30 −54 −20 62
Coordinates (x, y, z) expressed in millimeters in the standard space of the Montreal Neurological Institute (MNI-152); Z > 3.1, uncorrected for
multiple comparisons, number of voxels > 10.
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involvement of the hand or tool, they did evidence some
degree of specificity for the contralateral limb. We return
to this issue in the Discussion section.
Although all ROIs showed greater increases in activity
for grip selection decisions on the basis of the contralateral
side, responses in the putative grasp network showed a
clear left cerebral asymmetry. As described above, left but
not right PMv showed significant activation relative to
baseline (Figure 3). Further analysis of potential subthresh-
old variations in activity within right PMv was performed
post hoc on the basis of previous evidence of the engage-
ment of this region during isometric grip (Ehrsson et al.,
2000, 2001) and grip-lift tasks (Davare et al., 2006) per-
formed with the right hand (see Figure S2 in supplemental
material for detailed information). In all conditions, activity
within this region did not differ from resting baseline:
Hand Left, t(1, 19) = −0.55, p = .58; Tool Left, t(1, 19) =
0.07, p = .94; Hand Right, t(1, 19) = 1.20, p = .24; Tool
Right, t(1, 19) = 0.09, p = .93. As for aIPS, it was con-
sistently activated above baseline in the left hemisphere,
whereas the increase in activity reached significance on
the right side only when the contralateral left limb was
involved (Figures 3 and 4). Direct comparison between
activity in left and right aIPS confirmed this apparent left
cerebral asymmetry regardless of whether grip selection
decisions were based on the left or right side, two-tailed
t test, t(79) = 14.52, p < .0001.
Finally, the interaction between Effector Type and
Effector Side was nonsignificant in aIPS of both hemi-
spheres: left aIPS, F(1, 19) = 1.7, p = .2; right aIPS, F(1,
19) < 1.0. By contrast, this interaction was significant in
putative left PMv, F(1, 19) = 9.0, p= .007,MSE=0.08 (Fig-
ure 4), reflecting the fact that responses were greater for
the hand than the tool when the right limb was involved,
Bonferroni-corrected two-tailed t test, t(19) = −2.9, p =
.018, whereas they did not differ between effector types
when the left side was involved, t(19) = 1.4, p = .35.
DISCUSSION
This study yielded two major results. First, the behavioral
findings indicate that the initial practice session was suf-
ficient to establish a new internal representation that cap-
tured the unique end-effector properties of the novel
tool. Second, despite behavioral evidence for the use of
effector-specific representations, planning grasping actions
based on the hands or the tool nevertheless engaged the
very same regions of parietal and frontal cortex, including
areas (aIPS and putative PMv) of the previously described
grasp circuit. Together, these behavioral and neuroimaging
findings support the hypothesis that grasping objects with
a tool is supported by the same areas that represent man-
ual prehension. Each of these points is considered in detail
below along with their implications.
Figure 4. Percent signal
change (PSC) relative to
resting baseline associated
with planning grasping actions
in ROIs. The three ROIs,
defined bilaterally in anterior
intraparietal sulcus (aIPS) and in
left ventral premotor cortex
(PMv), are displayed onto
the average brain surface of the
twenty participants (see the
Methods section). For each of
these regions, PSC averaged
across subjects is shown for
each condition. As whole-brain
analyses showed a significant
effect in right aIPS only in
the Hand Left condition, the
significance of PSC values for
each condition was tested
(one-tailed t test using
Bonferroni corrections) for
this ROI. Error bars = 1 SEM.
*p < .05. **Effector Side ×
Effector Type interaction
p < .05.
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Planning Grasping Actions with the Hands or Tool
Relies on Effector-specific Representations
After practice, participants expressed grip preferences
based on the use of either the hands or the tool that ac-
curately corresponded to those demonstrated earlier
during actual prehension (Figure 2B). Critically, these
preferences reflected the unique mechanical properties
of the tool, namely, the 90° offset between its opposition
axis and that of the hand. In addition, prospective grip
preferences reflected the dynamical constraints asso-
ciated with use of the tool, as illustrated by the change
in preferred range of motion between grasps executed
with the tool versus the hand in both PGS and OGS tasks
(Figure 2B). These observations indicate that grip selec-
tion decisions in the PGS task relied on internal represen-
tations that accurately captured the specific physical
properties of the newly mastered device as well as the
respective bio-mechanical constraints of the limbs.
Further, the fact that participants were able to switch be-
tween the hand and the tool successfully when selecting
grips (Figure 1D) indicates that the effector-specific re-
presentations on which these decisions were based co-
exist in a relatively independent manner. As discussed
below, these facts support the hypothesis that PGS perfor-
mances are based on the same internal representations in-
volved in the selection of overt grasping actions performed
either with the hand or tool. Variations in BOLD signal re-
corded during performance of the PGS task should there-
fore provide insights into these mechanisms.
Planning Grasping with the Hands or Tool Involves
Common Parieto-frontal Mechanisms
Functional MRI results suggest that planning grasping ac-
tions based on the tool or hands increased activity within
the very same regions of parietal and premotor cortex,
most notably putative homologues of the macaque grasp
circuit (aIPS and PMv). In other words, following the de-
velopment of expertise using the tool, the very same
brain regions appear to represent grasping actions involv-
ing either the tool or the hands. Further, both PMv and
aIPS showed stronger responses within the motor domi-
nant left hemisphere. This cerebral asymmetry occurred
irrespective of the limb involved in the task and is consis-
tent with the well-known dominance of the left hemi-
sphere for a variety of praxis behaviors (Kroliczak &
Frey, 2009; Johnson-Frey, Newman-Norlund, & Grafton,
2005; Rothi & Heilman, 1997; Kimura & Archibald, 1974).
Three sources of evidence support the claim that
grasping actions involving the hands or the tool are rep-
resented in the same parieto-frontal areas. First, relative
to the resting baseline, grip selection based on either the
hands or the tool was associated with a strikingly similar
pattern of increased neural activity. In addition to the hy-
pothesized involvement of the grasp circuit (i.e., aIPS and
PMv), activations were also detected in posterior parietal
cortex (within and along the IPS), in caudal superior
parietal lobule, and in PMd (Figure 3). Second, when di-
rectly tested for a main effect of effector type, none of the
parietal or frontal regions that were activated during grip
selection showed any significant differences between
hand and tool. Finally, although more sensitive ROI ana-
lyses did detect various degrees of specificity for the
contralateral versus ipsilateral limb within aIPS ( bilateral)
and PMv (left), they did not reveal a main effect of the
type of effector used. In fact, the only evidence of a po-
tential differential coding of grasps planned with the tool
or hand comes from the interaction between effector
type and side within left PMv. This interaction reflected
higher activity when planning grasps with the right hand
versus with the tool held in the right hand. This result
seems to suggest that, in right-handers, this ventral fron-
tal region may support distinct representations for grasp-
ing with the hand versus tool when the dominant limb is
involved. An alternative interpretation would be that
higher activity when planning grasps with the hand might
reflect a stronger involvement in coding precision grips,
performed when grasping the object with the hand, than
in controlling power grasps, as used to manipulate the
tool. This grip-related effect has previously been demon-
strated in manual grasping (Ehrsson et al., 2000). How-
ever, both interpretations imply either a main effect of
the type of effector in putative left PMv or a similar in-
volvement of right putative PMv for grasps planned on
the basis of the left arm. The fact that neither was ob-
served in the present data makes both interpretations un-
likely, and further work will be needed to determine the
precise role of left PMv in planning grasps with the hand
and a tool.
Previous neuroimaging studies investigating the neural
bases of precision grip formation reported a bilateral en-
gagement of PMv for grasps performed with the right
hand (Ehrsson et al., 2000, 2001), whereas transcranial
magnetic stimulation of left and right PMv disrupts posi-
tioning of the fingers on the object during a precision
grip-lift task (Davare et al., 2006). One likely explanation
for the lack of right PMv recruitment in any condition in
the present study is that the present task only involved
planning grasping actions rather than overt execution.
The left hemisphere might play a dominant role in those
processes, regardless of the limb involved (Kuhtz-Buschbeck
et al., 2003). The absence of differences between the pat-
terns of brain activity associated to planning grasps with
the hand (using a precision grip) and with the tool (whose
manipulation required the use of a power grasp) might
appear somewhat surprising based on previous evidence
showing differential neural recruitment for overt precision
and power grasps (Ehrsson et al., 2000). However, recent
work suggests that these findings might in fact reflect dif-
ferences in the force engaged in both types of overt grasps
(Kuhtz-Buschbeck et al., 2008). It is therefore likely that
such differences would not arise at the level of planning
grasping actions, as investigated in the present task.
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Forward Internal Models of Grasping
One potential criticism of this work is that, during fMRI,
we relied exclusively on a planning task (PGS) that did
not involve subsequent movement execution. That is,
planning under these circumstances might involve inter-
nal representations that differ from those engaged when
planning overt grasping. It is certainly true that the des-
cending efferent commands and presence of afferent
feedback during overt grasping would engage additional
neural mechanisms (Gerardin et al., 2000). However, at
least two sources of evidence suggest that prospective
planning tasks are a valid way to assess premovement re-
presentations. First, there is considerable evidence that
the selection of the macroscopic features of grasping
(e.g., under vs. overhand) is actually completed before
movement onset (Stelmach, Castiello, & Jeannerod,
1994; Arbib, 1981; Jeannerod, 1981; Keele, 1981). The in-
ternal representations underlying such selection should
therefore be available even in tasks that do not demand
overt execution. Second, the compatibility between grip
preferences expressed in the PGS and OGS tasks was es-
tablished empirically through psychophysical testing. As
detailed earlier, we found a striking similarity between
PGS and OGS functions relating grip preferences for
the hands and tool to stimulus orientations (Figure 2B).
Remarkably, grip preferences in PGS even reflected the
different working range of motion evident in OGS, as par-
ticipants sought to avoid less stable grips when manipu-
lating the tool. This approach was furthermore based on
previous work suggesting that both overt and prospec-
tive action-planning tasks rely on common internal repre-
sentations ( Johnson, 1998, 2000) and neural substrates
(Buxbaum, Johnson-Frey, & Bartlett-Williams, 2005; Johnson
et al., 2002; Johnson, Corballis, & Gazzaniga, 2001). The
nearly identical pattern of grip preferences expressed in
OGS and PGS tasks is consistent with the idea that grip se-
lection relies on a forward internal model that accurately
predicts the sensory consequences of grasping movements
involving the hands or tool (Wolpert & Flanagan, 2001). The
model for this previously unfamiliar tool was presumably
acquired during the overt practice phase. Internal simulation
of these models would provide an opportunity to select the
least bio-mechanically awkward grip option on the basis of
predicted sensory feedback in advance or in the absence of
overt movement execution (Johnson, 2000). Both cerebellar
and posterior parietal mechanisms have been implicated in
forward internal models (Shadmehr & Krakauer, 2008;
Wolpert & Flanagan, 2001; Imamizu et al., 2000), and the
involvement of these regions in the present task may be
viewed as reflecting these predictive processes.
Implications for Motor Equivalence and
Tool Use Abilities
As noted at the outset, previous neuroimaging studies
identified overlapping patterns of brain activity when
the same action was performed with different biological
effectors (Castiello et al., 2000; Rijntjes et al., 1999).
These findings were interpreted as evidence for effector-
independent levels of representation that are responsible
for regularities in motor behaviors undertaken with dif-
ferent effectors (i.e., motor equivalence; Wing, 2000; Keele
et al., 1990). In the present whole-brain analysis, planning
grasping actions based on the hand or tool also led to in-
distinguishable patterns of increased neural activity in a
variety of regions, including aIPS and PMv. However, a
critical distinction with respect to the motor equivalence
neuroimaging work is that the psychophysical dissociations
in our behavioral data clearly indicate that planning was
based on effector-specific representations of the hand or
tool. Therefore, our findings suggest that planning grasping
actions either with the hand or with the tool are under-
pinned by effector-specific representations that are imple-
mented within the same parieto-frontal areas. Together,
these results establish that common patterns of neural ac-
tivation across different effectors are a necessary, but not
sufficient, source of evidence for the existence of effector-
independent levels of action representation. The inter-
pretation instead depends entirely on the accompanying
behavioral evidence. Furthermore, it has to be noted again
that our results concern only the planning stage of grasp-
ing actions; they therefore do not exclude the possibility
that partially distinct patterns of activations might accom-
pany the execution of grasps with the tool as compared
with the hand.
The apparent incongruity between our behavioral and
neuroimaging results can be understood in several differ-
ent ways. A first possibility is that effector-specific repre-
sentations for either the hand or the tool are actually
coded in discrete subregions within these parieto-frontal
areas, but that the resolution of conventional fMRI is sim-
ply insufficient to detect these differences. The interac-
tion observed in left PMv between effector type and
side, with a more sensitive ROI approach, might reflect
such a segregation. However, the fact that this difference
between hand and tool occurs only for the right hand,
when the behavioral evidence for effector specificity ap-
plies equally to both sides, is inconsistent with this view.
Alternatively, there is ample evidence from single-unit
electrophysiology for both effector-specific and effector-
independent motor representations present within the
same regions of parietal (Fogassi et al., 2005; Hyvarinen,
1982) and PMv (Rizzolatti et al., 1988) cortices. On the
basis of this precedent, increased activity in these same
regions when planning actions in accordance with the
unique properties of the hand or tool is therefore not
unexpected.
As mentioned in the Introduction section, recent evi-
dence shows that after training, neurons in the monkey
PMv and primary motor cortex (F1) that code manual
grasps come to also represent grasping actions per-
formed with a tool. Importantly, this is true regardless of
the particular hand movements involved in manipulation
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of the tool (Umiltà et al., 2008). This suggests that, as a
result of extensive training, individual neurons develop
representations of grasp that are independent of whether
the monkey uses the hand or tool. Although we do not
have direct evidence for this, it is tenable that similar
changes accompanied training in the present experiment
and that the activations we observed also reflected in-
creased activity in such effector-independent represen-
tations. Indeed, a recent fMRI study showed similar
activations in aIPS when grasping with the hand or a tool,
and these data could also be interpreted as evidence for
effector independence (Gallivan, Cavina-Pratesi, & Culham,
2009). However, our psychophysical findings demon-
strate that, at least in the human, training results in the ac-
quisition of effector-specific representations of grasping
with the tool that are functionally independent of existing
representations of manual grasping. Further, our data show
that effector specificity emerges upstream from primary
motor cortex within the parieto-frontal network subserving
prehension and temporally at the stage of premovement
planning.
To conclude, the present results demonstrate that
grasping actions involving the hands or a newly mastered
tool depend on relatively independent internal represen-
tations that are supported by the very same brain areas.
Considered in the context of recent single-unit data,
these results suggest that the development of tool use
expertise is accompanied by two types of experience-
dependent changes within the putative PMv and aIPS
grasp circuit. The first, illustrated by the current findings,
is the establishment of effector-specific representations of
grasping with the tool that coexist with effector-specific
representations of manual grasps. This level of repre-
sentation is critical for accurate planning and execution
of actions in a manner that is sensitive to the unique prop-
erties of these effectors. The second, reflected by the re-
cent findings of Umiltà et al. (2008), is the acquisition of
effector-independent representations through the mod-
ification of existing representations of the hand. This
more abstract level of representation may facilitate the
transfer of skills between hand and tool and may have im-
plications for understanding adaptation to upper extremity
prostheses.
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